Journal  of  Power  Sources  269  (2014)  920-926 


ELSEVIER 


Contents  lists  available  at  ScienceDirect 

Journal  of  Power  Sources 

journal  homepage:  www.elsevier.com/locate/jpowsour 


Surface  phenomena  of  high  energy  Li(Nii/3Coi/3Mni/3)02/graphite 
cells  at  high  temperature  and  high  cutoff  voltages 

Ting  Liu  a,  Arnd  Garsuch  \  Frederick  Chesneau  b,  Brett  L.  Lucht  ■ 

a  Department  of  Chemistry,  University  of  Rhode  Island,  Kingston,  RI  02881,  USA 
b  BASF  SE,  GCN/EE  -  M3U,  6 7056  Ludwigshafen,  Germany 


CrossMark 


HIGHLIGHTS 


•  EIS  suggests  higher  cathode  impedance  for  cells  cycled  to  higher  potential. 

•  Ex-situ  surface  analysis  used  to  investigate  the  surface  of  cycled  electrodes. 

•  Thicker  surface  films  are  generated  after  cycling  at  higher  working  potential. 
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Layered  Li(Nii/3Coi/3Mni/3)02  (NCM)  materials  have  been  investigated  at  high  working  potential  and 
elevated  temperature  to  correlate  electrochemical  performance  with  changes  to  the  electrode  interface. 
Graphite/NCM  cells  were  cycled  to  either  4.2  or  4.5  V  vs  Li/Li+  at  room  temperature  (25  °C)  followed  by 
moderately  elevated  temperature  (55  °C).  Cells  cycled  to  4.2  and  4.5  V  have  similar  capacity  retention, 
but  the  cells  cycled  to  4.5  V  have  poorer  first  cycle  efficiency,  efficiency  upon  cycling  at  55  °C,  and  greater 
increases  in  cell  resistance.  Surface  analyses  indicate  thicker  surface  films  on  the  cathode  after  cycling  to 
4.5  V,  compared  to  cycling  at  a  lower  voltage  of  4.2  V.  The  thicker  surface  film  on  the  cathode  is  the  result 
of  electrolyte  oxidation  to  generate  poly( ethylene  carbonate)  and  lithium  alkyl  carbonates.  Electro¬ 
chemical  impedance  spectroscopy  of  three-electrode  cells  reveals  that  the  cathode  dominates  the  cell 
impedance  and  the  cathode  impedance  is  much  greater  for  cells  cycled  to  4.5  V  than  cells  cycled  to  4.2  V. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Layered  transition  metal  oxides  have  been  widely  investigated 
as  cathode  materials  for  lithium  ion  batteries.  The  initial  cathode 
material  utilized  for  lithium  ion  batteries  was  LiCoC>2.  While  LiCo02 
has  excellent  electrochemical  properties,  the  high  cost  and  toxicity 
of  Co  has  resulted  in  the  development  of  related  layered  metal 
oxides  with  alternative  transition  metals,  typically  Ni  and  Mn,  in 
partial  replacement  of  Co  [1],  A  variety  of  cathode  materials  have 
been  reported,  with  different  stoichiometric  ratios  of  transition 
metals  [2—4],  One  of  the  more  commonly  investigated  materials  is 
LiNii/3Coi/3Mni/302  (NCM)  which  has  a  good  balance  of  electro¬ 
chemical  properties  [4,5],  However,  significant  challenges  still  exist 
for  applications  which  require  extended  calendar  life  performance, 
especially  for  graphite/NCM  cells  cycled  above  4.2  V. 
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It  is  well  known  that  a  solid-electrolyte  interphase  (SEI)  is 
generated  on  the  surface  of  the  graphitic  anode  during  the  first  few 
charging  cycles,  but  the  SEI  is  transiently  stable  and  can  be 
damaged  upon  long  term  cycling  or  cycling  at  moderately  elevated 
temperature  [6—8],  In  addition,  reactions  of  the  electrolyte  with  the 
surface  of  the  cathode  at  elevated  temperature  (>45  °C)  or  high 
operating  potential  (>4.3  V),  can  lead  to  performance  loss  and 
significant  impedance  rise  [6,9],  There  has  been  significant  interest 
in  increasing  the  cutoff  potential  of  NCM  cathode  materials  in  order 
to  increase  the  capacity  and  nominal  cell  voltage  and  thus  improve 
the  energy  density.  However,  cycling  NCM  cathodes  to  higher  po¬ 
tential  can  lead  to  performance  loss  due  to  the  poor  structural 
stability  of  the  layered  metal  oxides  at  higher  potential  and  elec¬ 
trolyte  oxidation  at  the  cathode  interface  [10  .  The  effect  of  elec¬ 
trolyte  decomposition  and  changes  to  the  cathode  surface  film  on 
NCM  cathodes  cycled  to  high  potential  (4.5  V)  is  not  well 
understood. 

The  electrochemical  performance  of  graphite/Li(Nii/3Coi/3 
Mni/3)C>2  cells  cycled  to  different  cutoff  potentials  (4.2  and  4.5  V) 
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has  been  investigated  by  electrochemical  cycling  and  electro¬ 
chemical  impedance  spectroscopy  (EIS).  After  cycling,  ex-situ  sur¬ 
face  analysis  of  the  electrodes  using  a  combination  of  X-ray 
photoelectron  spectroscopy  (XPS),  scanning  electron  microscopy 
(SEM),  and  attenuated  total  reflectance  Fourier  transform  infrared 
(ATR-FTIR)  spectroscopy  has  been  conducted  in  an  effort  to  un¬ 
derstand  the  relationship  between  surface  films  and  electro¬ 
chemical  performance.  The  results  suggest  that  electrolyte 
oxidation  on  the  cathode  surface  at  high  potential  (4.5  V)  is  a  sig¬ 
nificant  contributor  to  performance  fade. 

2.  Experimental 

All  electrodes  were  obtained  from  BASF  SE,  Ludwigshafen, 
Germany.  Composite  Li(Nii/3Coi/3Mni/3)02  electrodes  on 
aluminum  foil  contain  93%  active  materials  along  with  3% 
conductive  carbon  and  4%  polyvinylidene  difluoride  (PVDF). 
Composite  graphite  electrodes  on  copper  current  collector 
consist  of  90%  graphite  (Conoco  Phillips)  with  3%  super  P  carbon 
and  7%  PVDF  binder.  A  solution  of  1.0  M  LiPF6  in  mixture  of 
ethylene  carbonate  (EC)  and  ethyl-methyl  carbonate  (EMC),  3:7 
(v/v),  is  used  as  the  electrolyte.  Whatman  glass  microfiber 
membrane  separators  (GF/D  type)  are  used.  All  2032  coin  cells 
were  built  in  an  argon-filled  glovebox  and  cycled  on  an  Arbin 
Instruments  battery  cycler  with  a  constant  current  —  constant 
voltage  protocol.  Five  formation  cycles  (1  cycle  at  C/20  rate,  2 
cycles  at  C/10  rate,  and  2  cycles  at  C/5  rate)  were  employed  and 
presented  with  cycling  data.  After  formation  cycles,  all  cells  were 
cycled  at  room  temperature  (25  °C)  for  15  cycles  at  C/5  rate, 
followed  by  30  cycles  at  high  temperature  (55  °C)  at  the  same  C/5 
rate.  Multiple  cells  were  built  with  good  reproducibility.  Only  the 
representative  data  is  shown.  Internal  ohmic  resistance  was 
measured  with  respect  to  each  cycle  index  after  discharging  on 
the  Arbin  battery  cycler,  applying  a  100  ps,  100  mA  current  pulse. 
The  resistance  value  is  calculated  by  dividing  the  voltage  differ¬ 
ence  during  the  pulse  by  the  applied  current,  and  averaged  over 
continuous  ten  pulses. 

A  set  of  three-electrode  cells  were  built  for  EIS  experiments  to 
clarify  the  individual  contribution  of  impedance  from  cathode  and 
anode  electrodes.  A  lithium  reference  electrode  is  placed  in  be¬ 
tween  the  NCM  cathode  and  the  graphite  anode,  separated  by  one 
layer  of  Whatman  glassfiber  separator  and  one  layer  of  poly¬ 
propylene/polyethylene  (Celgard  2325)  separator.  EIS  spectra  were 


measured  at  full  state  of  charge  on  a  Solartron  SI  1287  electro¬ 
chemical  interface  and  SI  1252  A  frequency  response  analyzer,  with 
an  AC  oscillation  of  10  mV  amplitude  over  the  frequency  range  from 
300  kHz  to  0.02  Hz.  Before  each  measurement,  the  cell  was  charged 
to  4.2  V  or  4.5  V  at  a  constant  current  followed  by  holding  at  a 
constant  voltage  for  10  h.  Then  the  EIS  was  measured  at  the  6th, 
21st,  and  51st  charging  steps.  EIS  measurements  on  cathode 
(cathode  vs.  reference)  and  anode  (anode  vs.  reference)  were  suc¬ 
cessively  carried  out  after  measurements  of  the  full  cell  (cathode  vs. 
anode). 

Cells  were  disassembled  after  cycling  at  55  °C.  Harvested  elec¬ 
trodes  were  rinsed  with  dimethyl  carbonate  (DMC)  three  times  to 
remove  residual  electrolyte,  and  dried  under  vacuum  overnight  at 
room  temperature.  Samples  were  handled  under  Ar  except  for  -10  s 
during  transfer  from  transfer  vessel  into  the  instrument  chambers 
followed  by  evacuation  or  Ar  purging.  All  XPS  spectra  were  acquired 
with  a  PHI5500  system  using  Al  Ka  radiation  (hv  =  1486.6  eV) 
under  ultra-high  vacuum,  and  processed  by  Multipak  6.1  A  soft¬ 
ware  and  XPS  peak  software  (version  4.1).  SEM  images  were 
collected  on  a  JEOL  5900  scanning  electron  microscope.  ATR-FTIR 
spectra  were  measured  on  Bruker  Tensor  27  instrument  in  argon 
atmosphere. 

3.  Results  and  discussion 

3.3.  Cycling  performance 

Fig.  la  shows  the  specific  discharge  capacities  of  graphite/NCM 
cells  cycled  at  cutoff  voltages  of  4.2  and  4.5  V  Fig.  lb  shows  the 
coulombic  efficiencies  calculated  for  each  cycle.  When  the  cutoff 
voltage  is  4.5  V,  the  initial  discharge  capacity  is  much  larger  than 
that  obtained  at  4.2  V,  187  versus  147  mAh  g_1  for  the  first  C/20 
formation  cycle.  After  15  cycles  at  25  °C,  the  capacities  drop  to  174 
and  138  mAh  g_1  for  4.5  and  4.2  V,  respectively.  By  the  end  of  30 
cycles  at  55  °C,  the  capacities  decrease  to  135  and  91  mAh  g_1, 
respectively.  Based  on  the  capacity  at  the  end  of  formation  cycling, 
the  capacity  retention  after  cycling  at  25  °C  is  98%  for  cells  cycled  to 
both  4.2  and  4.5  V,  while  the  capacity  retention  after  cycling  at 
55  °C  is  76%  and  65%,  for  the  cells  cycled  to  4.2  and  4.5  V,  respec¬ 
tively.  The  first  cycle  efficiency  is  worse  for  the  cell  cycled  to  4.5  V, 
60%,  than  the  cell  cycled  to  4.2  V,  88%.  This  irreversible  capacity  loss 
on  the  first  formation  cycle  is  largely  due  to  the  formation  of  the 
anode  SEI  from  electrolyte  decomposition  [11],  although  the  lower 


Fig.  1.  (a)  Specific  discharge  capacity  and  (b)  coulombic  efficiency  of  the  NCM/graphite  cells  charged  to  two  different  cutoff  voltages  of  4.2  and  4.5  V,  respectively.  Formation  cycles 
are  also  shown  as  the  initial  five  data  points. 
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Fig.  2.  (a)  Differential  capacity  plots  of  the  first  formation  (charging)  cycle  with  cutoff  voltages  of  4.2  V  and  4.5  V;  inset:  enlarged  region  of  2.4  V-3.4  V.  (b)  Internal  resistance  of  the 
cells  cycled  at  different  voltages,  which  are  measured  after  each  discharge  step. 


efficiency  for  the  cell  cycled  to  4.5  V  is  consistent  with  additional 
electrolyte  decomposition  on  the  cathode  surface. 

The  difference  in  first  cycle  efficiency  correlates  well  with  the 
differential  capacity  curves  as  shown  in  Fig.  2a.  The  two  reaction 
peaks  at  3.0  and  3.2  V  result  from  the  decomposition  of  LiPFg 
electrolyte.  In  addition  to  the  oxidation  peaks  at  3.5— 3.8  V,  which 
are  attributed  to  the  Ni2+/Ni4+  couple  [12],  a  peak  is  observed  at 
4.45  V  which  is  assigned  to  electrolyte  oxidation  at  the  cathode 
surface  which  contributes  to  the  lower  first  cycle  efficiency.  The 
oxidation  of  EC  has  previously  been  reported  to  result  in  the 
generation  of  polyethylene  carbonate  on  the  cathode  surface  [  1  ] 
as  part  of  the  cathode-electrolyte-interface  (CEI).  Fig.  2b  shows 
the  internal  resistance  measured  after  each  discharge  cycle. 
Cycling  at  room  temperature,  both  cells  have  stable  resistance 
values.  However,  the  resistance  increases  and  efficiency  decreases 
at  both  cutoff  potentials  upon  cycling  at  55  °C,  due  to  further 
degradation  of  electrolyte  and  deposition  of  more  insulating 
components  on  the  electrode  surfaces  [13],  The  cell  cycled  at  4.5  V 
has  a  greater  increase  in  resistance  than  the  cell  cycled  at  4.2  V. 
Therefore,  the  thermal  abuse  has  a  larger  impact  when  the 
working  potential  is  higher. 


3.2.  AC  impedance  measurements 

AC  impedance  measurements  were  conducted  at  a  full  state  of 
charge  after  formation  cycles,  after  15  cycles  at  25  °C,  and  after 
an  additional  30  cycles  at  55  °C  in  three-electrode  coin  cells  to 
monitor  electrochemical  processes  occurring  at  individual  elec¬ 
trodes  as  well  as  in  full  cells  as  a  function  of  cycle  number  and 
working  potential.  Nyquist  plots  are  depicted  in  Fig.  3.  The  first 
semicircle  at  higher  frequency  range  primarily  arises  from  the 
resistance  and  capacitance  of  the  surface  layer  on  the  anode 
(Rsei)  and  cathode  (1?cei).  The  second  semicircle  in  the  middle  to 
low  frequency  range  comes  from  the  charge-transfer  resistance 
(Rcr)  of  the  cells.  The  sloped  line  at  low  frequency  corresponds  to 
the  Warburg  diffusion  impedance  [14  .  A  few  observations  can  be 
drawn  from  the  results  in  Fig.  3.  First,  the  cell  cycled  at  4.5  V  has 
larger  overall  impedance  than  the  cell  cycled  at  4.2  V,  which 
correlates  well  the  continuously  increased  internal  resistance  as 
discussed  above.  Second,  the  impedance  of  the  full  cells  is 
dominated  by  the  impedance  of  the  cathode,  which  is  consistent 
with  previously  reported  results  [15],  Third,  while  the  impedance 
of  the  cathode  increases  considerably  upon  extended  cycling  at 


(a)  After  Fromation 


(b)  After  25  °C  cycling 


Z'  (Ohm) 


(c)  After  55  °C  cycling 


Z'  (Ohm) 


Fig.  3.  Nyquist  plots  of  NCM/graphite  3-electrode  cells  (a)  after  formation  cycles,  (b)  after  25  °C  cycles,  and  (c)  after  all  55  °C  cycles,  EIS  spectra  were  collected  at  the  cutoff  voltages 
of  4.2  or  4.5  V.  Inset:  enlarged  Zre  region  of  (0-50  Q)  on  the  anode  electrodes  after  55  °C  cycles. 
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Fig.  4.  SEM  images  of  NCM  cathodes  (top  row)  and  graphite  anodes  (bottom  row)  that  are  pristine  (a,  d),  after  cycling  at  55  °C  4.2  V  (b,  e)  and  4.5  V  (c,  f). 


higher  voltage,  the  impedance  of  the  anode  is  only  slightly 
increased,  consistent  with  an  evolution  of  the  anode  SEI.  Fourth, 
the  cell  cycled  to  higher  voltage  has  an  increased  J?ct  on  the 
cathode  after  25  °C  cycling,  however,  further  cycling  at  55  °C 
causes  not  only  the  growth  in  Rcr,  but  also  the  interfacial  resis¬ 
tance  of  the  cathode,  Rcef  Electrolyte  decomposition  on  the 
cathode  is  enhanced  at  higher  voltage  and  high  temperature 
forming  more  resistive  surface  films,  which  is  supported  by  ex- 
situ  surface  analysis  discussed  below.  The  electrolyte  decompo¬ 
sition  is  also  consistent  with  the  lower  coulombic  efficiency  at 
55  °C  observed  in  Fig.  lb. 


3.3.  Surface  analysis 

The  SEM  images  of  the  fresh  and  cycled  electrodes  are 
depicted  in  Fig.  4.  The  morphologies  of  the  NCM  cathode  mate¬ 
rials  after  cycling  to  both  4.2  and  4.5  V  have  little  evidence  for 
change,  consistent  with  stability  of  the  bulk  cathode  materials 
under  the  cycling  conditions.  The  edges  of  the  graphitic  anode 
particles  are  slightly  dulled  consistent  with  electrolyte  decom¬ 
position  to  generate  an  SEE  However,  there  are  no  significant 
differences  observed  between  the  graphite  anodes  cycled  to  4.2 
or  4.5  V. 


NCM 
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FIs 


PVDF 

{ 

j 

A 

B.E.(eV) 


537  534  531  528 
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141  138  135  132  129 
B.E.(eV) 


Fig.  5.  CIs,  Ols,  FIs,  P2p  XPS  spectra  (black:  experimental  line;  red:  total  fitting  line;  other  colored  line:  individual  fitting  lines)  of  cycled  NCM  cathodes  after  55  °C  cycling, 
comparing  to  pristine  cathode.  (For  interpretation  of  the  references  to  colour  in  this  figure  legend,  the  reader  is  referred  to  the  web  version  of  this  article.) 
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Table  1 

Atomic  concentrations  of  elements  on  electrode  surfaces  determined  from  XPS. 


Cathode 

Anode 

C 

O 

F 

P 

C 

O 

F 

P 

Pristine 

62.7 

13.3 

24.0 

0 

76.2 

11.2 

12.6 

0 

4.2  V 

55.9 

17.4 

25.5 

1.2 

40.1 

22.8 

30.5 

6.6 

4.5  V 

41.8 

21.2 

30.7 

6.3 

31.3 

31.6 

29.6 

7.5 

To  further  investigate  the  effects  of  cutoff  potential  on  electrode 
surface  chemistry,  XPS  spectra  were  collected  for  all  cycled  elec¬ 
trodes.  The  XPS  element  spectra  of  the  pristine  and  cycled  NCM 
cathodes  are  provided  in  Fig.  5.  The  Cls  spectrum  of  the  fresh 
cathode  contains  a  peak  at  284.3  eV  characteristic  of  conductive 
carbon  and  peaks  at  285.8  and  290.2  eV  for  the  PVDF  binder.  The 
Ols  spectrum  contains  a  peak  characteristic  of  the  bulk  metal  oxide 
at  529.2  eV  and  a  broad  peak  at  531.5  eV  characteristic  of  residual 
lithium  carbonate  [16].  The  transition  metal  peaks  (Ni,  Co,  and  Mn) 
are  weak  and  difficult  to  distinguish  from  the  baseline.  The  FIs 
spectrum  contains  a  single  peak  at  687.8  eV  for  the  PVDF  binder. 
Upon  cycling,  new  peaks  are  observed  on  the  surface  of  the  NCM 
cathode  particles  consistent  with  electrolyte  decomposition  prod¬ 
ucts.  New  peaks  observed  in  Cls  spectra  at  286.5  and  288.5  eV  are 
attributed  to  C— 0  and  C=0  containing  species  from  electrolyte 
decomposition  products  including  L^CC^  lithium  alkyl  carbonates 
(ROCO2U),  and  polycarbonates  [17],  Related  peaks  characteristic  of 
C— O  and  C=0  containing  species  are  observed  at  531.5—533  eV  in 
Ols  spectra.  The  FIs  spectrum  shows  a  new  peak  characteristic  of 
LiF  at  685  eV  and  a  small  peak  is  observed  in  the  P2p  spectrum  at 
134.5  eV  indicating  the  presence  of  LixPFyOz  [18,19],  The  intensity  of 
the  electrolyte  decomposition  products  is  greater  for  the  electrodes 
cycled  at  4.5  V  than  the  electrodes  cycled  at  4.2  V.  In  particular, 
more  salt  decomposition  in  the  form  of  LixPFyOz  (687  eV,  FIs; 
135  eV,  P2p)  appears  to  be  observed  on  the  surface  of  the  cathode 
when  cycled  to  4.5  V.  The  slight  shift  in  the  P2p  spectrum  for 
electrodes  cycled  at  higher  potential  may  be  due  to  high  F  content 


of  the  LixPFyOz.  In  addition,  the  peak  characteristic  of  the  metal 
oxide  is  significantly  diminished  for  the  electrode  cycled  at  4.5  V 
consistent  with  the  generation  of  a  thicker  surface  film  on  the 
cathode.  The  results  suggest  that  there  are  more  organic  carbonate 
and  LiPFg  decomposition  products  on  the  cathode  surface  when  the 
cell  is  cycled  at  higher  potential.  The  changes  to  the  elemental 
concentrations  provide  additional  support  (Table  1 ).  The  concen¬ 
trations  of  O,  F,  and  P  are  increased  after  cycling,  especially  at  4.5  V, 
while  the  concentration  of  C  is  decreased  consistent  with  the 
deposition  of  more  electrolyte  decomposition  products  [20,21], 

The  XPS  spectra  of  the  pristine  and  cycled  graphite  anodes  are 
provided  in  Fig.  6.  The  Cls  spectrum  of  the  fresh  anode  contains  a 
peak  at  284.3  eV  for  graphite  and  peaks  at  285.8  and  290.2  eV  for 
the  PVDF  binder.  The  corresponding  FIs  peak  for  PVDF  is  observed 
at  687.8  eV.  A  peak  is  observed  at  532  eV  in  the  Ols  spectrum 
consistent  with  the  presence  of  oxygenated  impurities  on  the 
graphite  surface.  Upon  cycling  to  either  4.2  or  4.5  V,  changes  are 
observed  to  the  XPS  spectra  consistent  with  the  formation  of  an 
anode  SEI.  New  peaks  are  observed  in  the  Cls  spectrum  at  286.5 
and  288.5  eV  characteristic  of  C— O  and  C=0  containing  species, 
respectively,  while  the  corresponding  Ols  peaks  are  observed  at 
531.5—533  eV,  respectively.  The  changes  to  the  Cls  and  Ols  spectra 
are  consistent  with  the  generation  of  an  SEI  composed  of  U2CO3  or 
ROCO2U,  as  previously  reported  [7],  Changes  are  also  observed  in 
the  FI  s  and  P2p  spectra.  A  new  peak  characteristic  of  LiF  is  observed 
in  the  FIs  spectrum  at  685  eV  while  a  peak  is  observed  in  the  P2p 
spectrum  at  134.5  eV  for  Li*PFyOz.  The  changes  to  the  elemental 
concentrations  provide  additional  support  for  SEI  formation.  The 
concentration  of  C  is  decreased  while  the  concentrations  of  0,  F,  and 
P  are  increased.  However,  unlike  the  observations  on  the  cathode, 
the  differences  in  the  XPS  spectra  for  the  anodes  cycled  to  4.2  and 
4.5  V  are  small  suggesting  that  the  increase  in  potential  does  not 
have  a  large  effect  on  the  anode  SEI. 

FTIR  spectra  of  the  cathodes  are  provided  in  Fig.  7.  Absorp¬ 
tions  are  observed  at  1400,  1175  and  880  cm-1  for  the  fresh 
cathode  and  are  attributed  to  the  PVDF  binder.  After  cycling  at 


Graphite  Cls 


B.E.(eV) 


Fig.  6.  Cls,  Ols,  FIs,  P2p  XPS  spectra  (black:  experimental  line;  red:  total  fitting  line;  other  colored  line:  individual  fitting  lines)  of  cycled  graphite  anodes  after  55  °C  cycling, 
comparing  to  pristine  anode.  (For  interpretation  of  the  references  to  colour  in  this  figure  legend,  the  reader  is  referred  to  the  web  version  of  this  article.) 
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Fig.  7.  FTIR  spectra  of  electrodes  cycled  at  55  °C  (a)  NCM  cathodes  and  (b)  graphite 
comparison. 


(b)  Anode 
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at  different  cutoff  voltages.  Pristine  electrodes  are  also  shown  as  black  lines  for 


4.2  V  there  are  only  small  changes  to  the  IR  spectrum  of  the 
cathode.  The  spectrum  is  dominated  by  the  absorptions  of  PVDF. 
However,  upon  cycling  to  4.5  V  the  changes  to  the  cathode  sur¬ 
face  are  more  apparent.  New  absorptions  are  observed  at  1640 
and  1740  citT1  characteristic  of  lithium  ethylene  dicarbonate 
(LEDC)  and  poly(ethylene  carbonate),  respectively  [22],  The 
presence  of  additional  electrolyte  decomposition  on  the  cathode 
after  cycling  to  4.5  V  is  in  agreement  with  the  differential  ca¬ 
pacity,  E1S  and  XPS  analysis. 

The  IR  spectrum  of  the  pristine  anode  is  similar  to  the  IR 
spectrum  of  the  pristine  cathode  and  is  dominated  by  the  PVDF 
binder.  After  cycling  to  4.2  V  new  absorptions  are  observed  at 
1640,  1400,  1280,  1050  and  830  cm~'  characteristic  of  LEDC,  as 
previously  reported  [23—25],  In  addition,  new  absorptions 
observed  at  1480  and  870  cm-1  are  characteristic  of  L^CCH  [24], 
Thus,  after  cycling  to  4.2  V,  L^CCH  and  LEDC  are  dominant 
products  observed  on  the  anode  surface,  which  is  typical  for 
carbonate  based  electrolytes  [26]  and  consistent  with  the  XPS 
results.  After  cycling  at  4.5  V,  the  IR  spectra  are  similar  although 
the  intensity  of  absorptions  at  1295,  1150  and  910  citT1  are 
increased.  The  new  absorptions  likely  result  from  additional 
LixPFyOz  on  the  anode  surface  from  additional  LiPFg  decomposi¬ 
tion  [11,27],  However,  the  changes  to  the  anode  are  smaller  than 
those  observed  on  the  cathode  and  in  agreement  with  the  EIS 
and  XPS  results. 

4.  Conclusions 

Electrochemical  cycling  and  ex-situ  surface  analysis  of  graphite/ 
NCM  cells  cycled  to  different  cutoff  potentials,  4.2  and  4.5  V  vs  Li/ 
Li+,  have  been  conducted.  The  cells  have  good  capacity  retention 
upon  cycling  to  either  cutoff  potential,  -65—76%  after  total  50  cycles 
at  25  and  55  °C.  However,  the  cells  cycled  to  4.5  V  have  poorer  first 
cycle  efficiency  (60%)  than  the  cells  cycled  to  4.2  V  (88%)  and  a 
greater  increase  in  impedance  upon  cycling  at  55  °C.  The  lower  first 
cycle  efficiency  and  increased  impedance  suggest  more  electrolyte 
decomposition  for  cells  cycled  to  4.5  V.  Ex-situ  surface  analysis  by 
XPS  and  FTIR  of  the  electrodes  after  cycling  support  additional 
electrolyte  decomposition  on  the  surface  of  cathodes  cycled  to 
4.5  V.  The  cathode  surface  films  include  LEDC,  poly(ethylene  car¬ 
bonate),  LiF,  and  LixPFyOz.  However,  the  oxidative  ring  opening  of  EC 


to  generate  poly(ethylene  carbonate)  (Equation  (1))  is  likely  to  be 
the  most  significant  contributor  to  the  impedance  rise  on  the 
cathode  [21].  Cycling  graphite/NCM  cells  to  4.5  V,  results  in  elec¬ 
trolyte  oxidation  on  the  cathode  surface  which  contributes  to 
performance  loss. 

<A>  - ►  Eq1  (1) 

\ _ /  n 

A  better  understanding  of  the  mechanism  of  performance  fade 
for  graphite/NCM  can  lead  to  the  development  of  methods  to 
improve  performance.  Since  electrolyte  oxidation  on  the  cathode 
surface  appears  to  be  a  significant  contributor  to  capacity  fade,  the 
development  of  novel  electrolytes  which  can  inhibit  electrolyte 
oxidation  should  lead  to  improved  performance  of  graphite/NCM 
cells  cycled  to  higher  potential  (4.5  V).  Related  cathode  film  forming 
additives  have  been  shown  to  improve  the  performance  of  high 
voltage  lithium-  and  manganese-  rich  layered-oxides  (LMR-NMC) 
and  LiNio.5Mn1.5O4  [28—31], 
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